EDUCATIONFORUM I n 2003, the National Research Council's BIO2010 report recommended aggressive curriculum restructuring to educate the "quantitative biologists" of the future ( 1). The number of undergraduate and graduate programs in mathematical and computational biology has since increased, and some institutions have added courses in mathematical biology related to biomedical research ( 2, 3). The National Science Foundation (NSF) and the National Institutes of Health are funding development workshops and discussion forums for faculty ( 4, 5), research-related experiences ( 6, 7), and specialized research conferences in mathematical biology for students ( 8, 9).
I n 2003, the National Research
Council's BIO2010 report recommended aggressive curriculum restructuring to educate the "quantitative biologists" of the future ( 1) . The number of undergraduate and graduate programs in mathematical and computational biology has since increased, and some institutions have added courses in mathematical biology related to biomedical research ( 2, 3) . The National Science Foundation (NSF) and the National Institutes of Health are funding development workshops and discussion forums for faculty ( 4, 5) , research-related experiences ( 6, 7) , and specialized research conferences in mathematical biology for students ( 8, 9) .
This new generation of biologists will routinely use mathematical models and computational approaches to frame hypotheses, design experiments, and analyze results. To accomplish this, a toolbox of diverse mathematical approaches will be needed.
Nowhere is this trend more evident than in systems biology. At the molecular level, this involves understanding a complex network of interacting molecular species that incorporates gene regulation, protein-protein interactions, and metabolism. Two types of models have been used successfully to organize insights of molecular biology and to capture network structure and dynamics: (i) discreteand continuous-time models built from difference equations or differential equations (DE) models, which focus on the kinetics of biochemical reactions; and (ii) discretetime algebraic models built from functions of fi nite-state variables (in particular Boolean networks), which focus on the logic of the network variables' interconnections. Algebraic models were introduced in 1969 to study dynamic properties of gene regulatory networks ( 10) . They have proven useful in cases where network dynamics are determined by the logic of interactions rather than fi nely tuned kinetics, which often are not known. Published algebraic models include the metabolic network in Escherichia coli ( 11) and the abscisic acid signaling pathway ( 12) .
The use of algebraic methods is extending beyond systems biology. Methods from algebraic geometry have been used in evolutionary biology to develop new approaches to sequence alignment ( 13) , and new modeling of viral capsid assembly has been developed using geometric constraint theory ( 14) . Algorithms based on algebraic combinatorics have been used to study RNA secondary structures ( 15) .
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Training in developing algebraic models is often overlooked but can be valuable to biologists and mathematicians.
DE and Boolean models of the lac operon mechanism. Each component of the shaded part of the wiring diagram is a variable in the model, and the compartments outside of the shaded region are parameters. Directed links represent infl uences between the variables: A positive infl uence is indicated by an arrow; a negative infl uence is depicted by a circle.
*To whom correspondence should be addressed. E-mail: Robeva@sbc.edu. tional ideas (hierarchical clustering, pattern classification, and feature selection) are introduced as part of the "story" to promote ease of understanding by students. Such examples may also instill in students the real-life impact of computational methods. This research, for example, led to the first cancer diagnostic chip to be approved by the U.S. Food and Drug Administration; it is currently used to determine which patients may benefit from additional chemotherapy.
The question of whether similar innovative courses can be implemented at the undergraduate level at many universities remains subject to debate ( 8, 9) . Nevertheless, such courses are pioneering steps toward developing a new computational biology curriculum.
We do not argue against the mathematical courses included in current undergraduate biology curricula. But we believe that these courses should be revised and extended. Many key computational ideas can be better communicated and absorbed by biology undergraduates with few prerequisites, in a way that will make the students excited about bioinformatics as a scientifi c discipline and more creative when they employ bioinformatics methods and ideas in the future. We feel that the best way to engage biology undergraduates in bioinformatics is to appeal to their innate intuition and common sense and to avoid mathematical formalism as much as possible. The proposed course may become a fi rst step toward building the new computational curriculum for biologists.
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EDUCATIONFORUM
Because of the success of DE methods for modeling biochemical networks, they have been the primary focus of curriculum reform efforts, whereas algebraic models have received less attention. But algebraic models have many features needed to integrate mathematics and biology into the training of students at all levels; thus, their inclusion in curricula is necessary and timely.
DE Versus Algebraic Models
Many institutions now offer DE-focused courses that include problems from the life sciences, rather than just the traditional linkages with physics and engineering. For example, in bio-calculus and precalculuslevel courses, differential and difference equations are used to model system dynamics. Textbooks emphasize development of DE models for various biological systems related to, e.g., population dynamics and the spread of an epidemic ( 16, 17) . In contrast, few curricular materials linking biology with modern algebra have been created. The courses "Mathematics for Computational Biology" ( 18) and "Algebraic Statistics for Computational Biology" ( 19) are two such examples targeting advanced undergraduate mathematics and biology students. A NSF curriculum development pilot project to produce algebraic educational modules is under way ( 20) , as is a project to create an integrated biology curriculum, incorporating mathematics, statistics, and computational methods beyond calculus ( 21) .
This relative lack of interest and investment in algebraic approaches compared with DE is due primarily to a lack of awareness of the importance of algebraic models in modern biology and mathematics research, as well as to a lack of appropriate educational materials on algebraic models, rather than to inaccessibility of the essential underlying mathematics.
Variables in a DE model can span a continuous range of biologically feasible values. Modelers need detailed knowledge of interactions between variables, for example, specifi cs of control mechanisms, rates of production and degradation, or highest and lowest biologically relevant concentrations. But in an algebraic model, only values from a fi nite set are allowed. The special case of a Boolean network allows only two states, for example, 0 and 1, representing the absence or presence of gene products in a model of gene regulation. In contrast to DE, the information necessary to construct a Boolean model requires only conceptual understanding of the causal links of dependency. Thus, continuous models are quantitative while Boolean models are qualitative in nature.
To illustrate, we use one of the simplest and best-understood mechanisms of gene regulation: the lactose (lac) operon that controls the transport and metabolism of lactose in E. coli (fi g. S1). A wiring diagram is constructed to represent major components and causal interactions of the system ( see fi gure, page 542).
The wiring diagram on the left of the fi gure depicts both DE and Boolean models of the lac operon. Although it involves only three variables, the DE model is complex, involving additional parameters refl ecting the reaction kinetics. The Boolean model is simpler, refl ecting only basic interactions depicted in the wiring diagram. Despite its simplicity, the Boolean model exhibits the same qualitative behavior as the DE model. Both are capable of refl ecting the key feature of bistability of the operon ( 22) .
In contrast with the high level of detail needed for the construction of the DE model, the Boolean model is relatively intuitive and was essentially obtained by translating a prose description of the molecular pathways depicted in fi g. S1 and formalized by the wiring diagram into logical statements. This feature of algebraic models makes them particularly appealing as an entry into mathematical modeling.
Constructing algebraic models of biological networks requires only a modest amount of mathematical background, some of which is typically included in a college algebra course. This provides a quick path to mathematical modeling for students (and researchers, for that matter) in the life sciences. For mathematics students, algebraic models of biological networks provide a meaningful way to introduce many of the concepts in the discrete mathematics curriculum. And they are easily connected to more advanced topics in abstract algebra ( 23) .
A Call for Change
Algebraic models should be considered critical for the professional development of biologists. Mathematics and biology educators must work to determine the best way of including these in undergraduate curricula. Because the mathematics involved is more easily accessible to faculty in the life sciences, relative to DE, this could lead to increased engagement on their part. Algebraic models will introduce problems from modern biology into the traditional mathematics courses, bringing life to the primarily theoretical abstract algebra curricula. Concurrent or subsequent introduction to DE models in the courses already in place will only reinforce the conceptual framework and further elevate students' mathematical sophistication.
